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ABSTRACT 
 
With the increasing use of fission-type nuclear power generation, particularly high-levels 
radioactive nuclear waste are generated, so the safe use of nuclear energy requires proper 
disposal of high-level radioactive nuclear waste. The selected treatment method is deep 
geological disposal. Therefore, underground research laboratory (URL) to prepare for deep 
geological disposal will also be carried out. Corrosion of metallic materials, which are closely 
related to the safety of URL, is the focus of this research project. This study selected monitoring 
techniques for URL and developed a rough monitoring scheme for temperature and resistivity in 
URL. In this study, corrosion-temperature and corrosion-resistivity monitoring experiments were 
carried out in different bentonite samples to simulate the experiments in URL. The results show 
that the self-compensating high-precision inductance corrosion monitoring system and 
multifunction soil corrosion rate measurer proved to be a good system for monitoring the 
corrosion-temperature and corrosion-resistivity of metals. However, the life span limitation 
makes them unable to meet the requirements of URL. The results also show that the corrosion 
rate of metal in bentonite is positively correlated with temperature. The existing electrochemical 
probes are suitable for monitoring the corrosion rate, but not suitable for soil corrosion rate 
monitoring. 
 
 
 
	 1 
 
 
 
 
 
CHAPTER 1: INTRODUCTION 
 
The GDP of China surpass the GDP of Japan in March 2011, becoming the second 
largest economy of the World. The rapid development of the economy is a microcosm of the 
overall development of China, marking it one of China advanced national goals. The 
development of a country is inseparably bound to its energy. This means that more rapid 
development will require more energy. If the country is to grow at a rapid rate, it needs efficient 
energy. China is one such case. Electrical energy as a secondary energy source and is an 
important part of the national energy supply. Whether we are discussing the daily life of people 
or the power grid communications of the country, the use of electrical energy is everywhere.  
The demand for electricity in China is great, but the pace of supply is far behind, 
especially in the hot summers. The electricity consumption of the whole country skyrockets. In 
order to ensure economic development, factories must maintain normal production activities at 
the expence of civilian electricity sector. As result, there will often be intermittent power supply 
in some areas, and an overall lack of electricity. In order to solve the contradiction between 
power supply and demand imbalances, the Chinese government has also invested a great deal of 
manpower and material resources in the development of the power industry. In addition to the 
construction of traditional thermal power stations, many hydropower stations have been built, 
most notably the World's largest hydropower plant-Three Gorges Dam. However, these are not 
enough to solve the problem of insufficient power supply. 
	 2 
Now, wind energy, solar energy, tidal energy and other energy utilization technology 
development are not mature enough. Nuclear energy is a new energy technology that can provide 
large amounts of energy for human production activities without causing too much pollution to 
the environment. Nuclear energy is provided by nuclear reactions; nuclear reactions are divided 
into nuclear fusion and nuclear fission. For a 1W power plant, the annual consumption of fuel-
required weight, if the fuel is coal, is at least 2.5 million tons. If the fuel is oil, 110,000 barrels 
are needed. The equivalents of nuclear fission fuel and nuclear fusion fuel, respectively, are 28 
tons of UO2 and 400 pounds of deuterium plus 600 pounds of tritium [1]. Based on this huge 
difference, one can see that nuclear fusion is the ideal energy for the future of mankind, and 
nuclear fusion does not cause any environmental pollution. Nuclear fission does not produce 
high-level radioactive waste. However, because of the limited level of science and technology, 
nuclear fusion is uncontrollable, so nuclear fusion cannot be used at production capacity for 
energy production. Additionally, nuclear fission does not produce greenhouse gases or other 
polluting gases, and it meets the level of modern science and technology and can be generated at 
a reasonable cost. Nuclear fission is a seemingly safe and reliable energy technology, however, it 
hides a great harm, producing high-level radioactive waste. Some radioactive elements have half-
live of up to tens of thousands of years. Fusion power generation will have a great environmental 
impact, so needs to be developed a set of safe and effective protective measures. 
It is an important part of the deep geological treatment project to study the corrosion 
monitoring of the underground laboratory metal materials. The purpose of the monitoring is to 
ensure that the laboratory’s metal parts will have applicability, operability, long-term safety and 
stability upon testing in the deep geological repository. This will ensure that they do not cause 
excessive corrosion to the whole structure of the laboratory, nor that they cause damage, thereby 
	 3 
preventing the leakage of radioactive materials to avoid contamination of the underground 
environment, such as underground soil, groundwater, etc. Underground laboratory corrosion 
monitoring techniques and methods for corrosion monitoring is the primary focus of this study. 
Nuclear fission power generation began in the middle of the 20th century due to high 
economic efficiency of nuclear energy. As a result, the nuclear power industry flourished. 
However, with the increase in the number of nuclear power plants, some nuclear power plant 
safety risks existed quietly, until the occurrence of major nuclear power accidents. Two well-
known nuclear accidents, Three Mile Island and the Chernobyl nuclear power plant accidents, 
impacted tens of thousands of people in varying degrees. This resulted in large amounts of land 
subjected to serious radioactive pollution over the next few centuries [2]. In 2013, the earthquake 
and tsunami caused the Fukushima nuclear power plant’s major leakage. This event once again 
sparked the World's nuclear power security concerns. "How can we make nuclear energy more 
secure?” this question has become a problem faced by many researchers. Nuclear fission 
generated after the disposal of high-level radioactive waste is yet another problem. 
Nuclear waste consists of a variety of elements that may have different radioactive half-
life, from only a few days or a few hours, to as long as tens of millions of years. Long half-life 
high radioactive elements need to be isolated. People recognized that the most realistic method 
of disposal of nuclear waste is deep geological disposal [3]. Deep geological disposal of highly 
radioactive nuclear waste isolates and buries it in the deep underground storage, until radioactive 
nuclear waste is no longer threatening. To implement this method, one must ensure that nuclear 
waste containers are not damaged by corrosion, resulting in nuclear leakage. Therefore, the study 
of corrosion monitoring of nuclear waste storage containers (metal storage tanks) becomes the 
	 4 
necessary step for this method to be implemented, and also has significant scientific and 
technological meaning. 
It is an important part of the deep geological treatment project to study the corrosion 
monitoring of the underground laboratory metal materials. The purpose of the monitoring is to 
ensure that the laboratory metal parts under test have applicability, operability, long-term safety 
and stability in the deep geological repository, and ensure that it does not cause excessive 
corrosion to damage the whole structure of the laboratory. Preventing the leakage of radioactive 
contaminates into the underground environment, such as underground soil and groundwater is 
necessary. Underground laboratory corrosion monitoring techniques and methods of corrosion 
monitoring project are the subjects of this. 
The work of URL of China is still in the geological exploration stage, the preliminary 
plan, content and methods (including corrosion monitoring technology and methods of research) 
of underground laboratory corrosion research project have not yet been developed. In order to 
provide a general direction for the project in the initial phase of the URL program, it is more 
effective to directly draw on the results of corrosion monitoring techniques and methods of 
underground laboratories in other countries. However, most of the existing URL in the World 
has not carried out monitoring research on the corrosion of metallic materials. Most of them have 
carried out rock and other geological structure or material safety evaluation experiments [4-6]. 
With the absence of accurate information as the guidance, establishing the corrosion monitoring 
method of metals in underground laboratory, and the evaluation method of service performance 
in foundation structure protection system; developing an on-line monitoring system and an 
experimental study of the application of monitoring system are needed. We need to collect 
information about environmental conditions (such as temperature, humidity, etc.) of URL in 
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various countries and environmental conditions of Chinese underground laboratory candidates, 
to provide information for monitoring parameters of underground laboratories in China. At the 
same time, study corrosion monitoring techniques and methods in various fields, as well as the 
existing underground laboratory corrosion monitoring techniques and methods to provide 
sufficient information for the future of China's underground laboratory metal corrosion 
monitoring research, and to provide some suggestions for the corrosion monitoring project. In 
addition, we need to use the existing corrosion monitor for corrosion experiments, and based on 
the experimental results and existing knowledge of the service performance of metal materials to 
provide preliminary evaluation methods. 
Due to the impact of metal corrosion with many factors, in order to explore the effect of a 
factor on corrosion and test the performance of the sensor, we mainly focus on two parameters -- 
temperature and soil resistivity, which are important in corrosion of metallic materials. The 
general research steps are as follows: 
• To collect information about the environment, facilities, etc. of existing underground 
laboratories in countries around the World; 
• Determine monitoring parameters (temperature and soil resistivity), according to the 
actual parameters of the monitoring interval and monitoring accuracy; 
• Study the monitoring techniques and methods of corrosion monitoring in various fields 
in the World and the existing methods, used to analyze which technology is suitable for 
use in China; 
• Manufacturing the temperature and soil resistivity monitoring instruments. Taking 
experiment to analyze the relationship between corrosion rate, temperature and soil 
resistivity of metal materials in bentonite.  
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CHAPTER 2: UNDERGROUND RESEARCH LABORATORY DEVELOPMENT IN 
 
THE WORLD 
 
Now, deep geological disposal is the most feasible way to dispose of nuclear fuel and 
highly radioactive waste that has long half-life. Many countries with nuclear power generation 
facilities have given it a high degree of attention, and have carried out the underground 
geological laboratory project. 
Underground laboratories are designed to obtain experimental data that is close to the real 
disposal situation by simulating experiments in a deep geological disposal environment that are 
similar to real disposal scenarios. For example, deep pit in the 500 m underground clay layer, 
according to the design of deep geological disposal placed into a metal storage tanks with heater, 
and between the tank and the rock adding bentonite buffer for temperature monitoring 
experiments. It is necessary to discover and solve the problems that may arise in the case of 
disposal, to enhance the stability of the disposal scheme formulated, to test the safety and 
feasibility of the disposal scheme and to prevent the occurrence of hazardous radioactive nuclear 
waste in the future. 
From 1990s, Belgium and Switzerland took the lead in the underground laboratory 
research projects followed by Sweden, France, Canada, the United States, South Korea, Finland, 
and Japan to implement the research program, and so far the history is more than 30 years. 
Geological environment of each country has its own characteristics, so deep geological disposal 
of each country needs to be based on their own geological environment, so the subsequent 
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research projects can be launched. The following will describe the geological environment 
conditions and facilities of deep geological disposal or underground laboratories in several 
countries. 
2.1 World Underground Research Laboratory Overview 
In deep geological disposal, the temperature has an important influence on the 
implementation of the scheme, because the rocks around the repository are subject to thermal 
expansion and contraction due to temperature rise and fall. However, because the underground 
rock layer is continuous and huge, the expansion and contraction of the rock will be limited by 
the surrounding rocks; the temperature of rock is not exactly the same, the temperature gradient 
will make the strain of rocks vary, and there will be stress changes [7]. In the case of metal tanks 
that will be used for packaging nuclear wastes with long radioactive and long half-lives in the 
future, an increased temperature is likely to increase the corrosion rate; this is not good news for 
a metal storage tank with a planned useful life of tens of thousands of years. For on-line 
monitoring devices, which are also buried in underground depots, they cannot be replaced once 
installed. Functional destruction cannot occur until the radioactive decay of nuclear waste 
reduced a permissible value. Thus, on-line monitoring devices also need anti-corrosion 
protection, and environmental temperature rise is likely to increase its corrosion rate.  
In addition to temperature, deep groundwater composition, concentration and other 
properties have a greater impact on the underground laboratory operation. These factors have 
posed great challenges to the anticorrosive work of metallic materials, also to the prevention of 
leakage of radioactive materials in underground laboratories. The protective structure of the deep 
geological disposal consists of a natural barrier (the host rock) and an engineering barrier 
(bentonite, metal storage tank). The main rock and bentonite are used to block the intrusion of 
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groundwater, prevent the corrosion of metal materials, but also with metal storage tanks, to 
maximize the prevention of the spread of radioactive material. These underground environmental 
parameters have great significance to the implementation of deep geological disposal, and they 
need special attention. 
The underground environmental parameters of laboratories have been analyzed before the 
site selection and excavation. For the implementation of the project to provide scientific and 
reliable data, the temperature and groundwater properties of various underground laboratories in 
the World are shown in Table 1. 
Table 1. Underground environmental parameters of deep geological repository or underground 
laboratories in each country. 
Name Year Location Rock 
 
Depth 
(m) 
T 
(°C) 
Thermal 
conductivity 
(W/m. K) 
pH 
Water 
chemistry 
type 
Nagra 
reference 
high-level 
waste 
disposal 
concept: 
geology [8] 
1985 Northern Switzerland 
Biotite 
granite 1200 55 2.5 6.8 
Na-Ca-Cl-
SO4 
Siltstone 850 45 1.6 8.5 Na-Mg-Cl-HCO3 
Siltstone- 
sandstone 850 40 1.6 7.5 Na-Cl 
SKB spent 
fuel 
repository 
[8] 
1983 Sweden 
Granite 550 8 3.6 8.5 Ca-SO4 
Paragneiss 600 12 3.9 8.8 Na-Mg-HCO3- 
Meuse/Hau
te-Marne 
Undergrou
nd 
Research 
Laboratory 
[9] 
2000 
The eastern 
boundary of 
the Paris Basin 
 
Callovo-
Oxfordian 
clay rock 
 
445 
and 
490 
<40    
ASPÖ 
Hard Rock 
Laboratory 
[10] 
  Granite  15 10   
 
Nagra repository gives a more intuitive impression of the layout of most deep geological 
processes [8]. The tunnels in the repository are used to store ferrous tanks containing glass-cured 
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high-level radioactive wastes, while the underground depots are used to store smaller volumes of 
cement and bituminous solids. 
The flared nuclear fuel disposal program (KBS-3) in Switzerland is the solution used and 
studied by most deep geological repository or underground laboratories [8]. The main content of 
the program is that each of metal storage tanks was placed in separate pit; each tank will use 
tightly packed buffer to form a corrosion protection layer for the metal storage tank, and the 
tunnel corridor will be closed before the use of bentonite and sand and stone mixture to fill, so 
that the entire repository will be sealed. The use of a mixture of bentonite and sand instead of 
bentonite alone is due to the fact that the thermal conductivity of bentonite is lower than the 
thermal conductivity of the subterranean formations; whereas the sand-bentonite mixed buffer 
backfill has a higher thermal conductivity. Bentonite buffer is conducive to enhance the overall 
heat storage performance of the repository [8]. In the ÄSPÖ hard rock laboratory, the buffer 
backfill material was also bentonite mix material, except that the blend consisted of 30% 
bentonite plus 70% gravel [11]. 
2.2 Profiles of China's Underground Research Laboratory  
While underground laboratory research has been carried out abroad for many years, 
China's underground laboratory research will be restarted. The reason to restart is because as 
early as 1985, China had already started the underground laboratory site selection work in 
Beishan, Gansu, and carried out geological research. In addition, in early years after 1990, 
Beijing had patch area chosen for a general purpose underground laboratory [12]. These two 
projects of the underground laboratory ran almost synchronized, even earlier than in some other 
countries. However, the Beijing project started in 1995 was not publicized until 2006 [12]. Once 
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again the underground laboratory site selection began along with basic research projects. There 
are plans to begin underground laboratory construction and experiments in 2020. 
Beishan, Gansu Province, China is now the most ideal underground laboratory 
construction area, and its multiple geological information has been collected. The information is 
shown in Table 2 [12]. 
Table 2. Data of underground environment parameters of Beishan, Gansu, China. 
Rock 
type Depth pH Conductivity of rock Chemical type Total dissolved solid 
Granite 500 m 7.58 3.9×10-14-6.6×10-10 S/m Na-Cl-SO4 4.15 mg/L 
 
Beishan is a typical Gobi desert area, arid desolate and inaccessible because of 
desertification, water scarcity, and hard granite rock, high density small gap. It is inferred that 
the probability of groundwater infiltration is not too great, which is a huge geographical 
advantage for the construction of underground laboratories. However, granite requires special 
attention, because the temperature changes will lead to thermal expansion and contraction, as 
brittle materials are prone to rupture and other activities affect the safety. Therefore, the 
temperature is an important factor, which needs focus in underground laboratory research.  
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CHAPTER 3: MONITORING OF TEMPERATURE 
 
The stability of rock construction in underground laboratory is related to temperature, and 
the thermal conductivity is related to temperature (negative correlation) [7], and so does the 
corrosion rate of metallic materials. Temperature affects every aspect of underground laboratory, 
which cannot be ignored and needs much attention. All the deep geological disposal repository 
and underground laboratories around the world are conducting meticulous research on 
technology, methods and system of temperature monitoring, and China will also carry out this 
research. 
3.1 The Determination of Range and Accuracy of Temperature Monitoring  
To monitor a parameter, we first need to clarify its monitoring range and accuracy, and 
then determine the development of monitoring technology, monitoring plan, and finally develop 
the monitoring system. The first step of temperature monitoring is to determine the monitoring 
range and accuracy.  
In order to determine the range of temperature monitoring, we need to know the lowest 
temperature and the highest temperature, and then expand the temperature variation range by 
20% or more. (For example, if the temperature variation range is 0-10 °C, then the temperature 
monitoring range is -2-12 °C). Taking this variation range as the temperature monitoring range 
can prevent the temperature from exceeding the permitted maximum value and minimum value, 
and thus avoid the damage to the sensor or the monitoring system. Accordingly, the temperature 
of the air in underground laboratory tunnel or the temperature of palisades can be determined as 
	 12 
the lowest temperature, and the surface temperature of metallic storage tank can be taken as the 
highest temperature. The radioactive material in the metallic storage tank is exothermic and will 
heat the tank. In most laboratories, there is no other heating resource inside or outside. Compared 
to metallic storage tank, outside temperature is relatively lower. This is how the temperature 
monitoring range determined. 
In many international underground laboratories, the temperature monitoring range in each 
laboratory is different. Taking the Nagra repository as example, in the 1200-meter-deep 
repository, the underground environment temperature of the repository is 55 °C, the surface 
temperature of metallic storage tank is lower than 160 °C, and the temperature of the tunnel wall 
is lower than 80 °C. While in the 850-meter-deep repository, the underground environment 
temperature is 45 °C, the temperature of metallic storage tank is lower than 190 °C, and the 
temperature of the tunnel wall is lower than 140 °C. In Swiss SKB repository plan, the 
environment temperature in underground laboratories of Finnsjön, Gideå and Kamlunge is 
respectively 13 °C, 12 °C and 8 °C. The highest temperature is not provided [8]. The gap between 
these two repositories is obvious, and the monitoring range must be different as well. As for the 
temperature monitoring of underground laboratory in China, there is no real temperature data in 
the underground laboratory, because the construction work of underground laboratory has not yet 
been started. In this case, to develop temperature monitoring equipment and system, we must use 
the temperature data of underground laboratory from other countries for reference. In view of the 
construction work being in the desert area of Beishan, which is located in northwest inland, the 
geological structure is stable. Without geothermal structure, the underground temperature will 
not get too high. The underground rock is granite, similar to the type of rock in the Swiss 
underground laboratory SKB. Accordingly, at first, if the environment temperature in SKB 
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laboratory is taken as the hypothetical temperature of underground laboratory in China in the 
future, the lowest range of temperature variation will be 8 °C. Under the same condition with no 
real data, the highest range of temperature can be determined temporarily as 100 °C on the basis 
of temperature research result of Meuse/Haute-Marne underground laboratory and ÄSPÖ hard-
rock laboratory. The underground laboratory Meuse/Haute-Marne located in Callovo-Oxfordian 
clay rock believes that as long as the temperature in the deep geological repository is lower than 
70 °C throughout the year, there is no great change of the repository even after ten thousands of 
years. Besides, the standard of repository temperature design has been set: the temperature of 
repository is lower than 90 °C and should be reduced below 70 °C during that period [3]. In 
the ÄSPÖ hard-rock laboratory, the simulation experiment of high-radioactive waste disposal set 
the highest surface temperature of metallic storage tank as 100 °C [10]. Although there are some 
differences in the types of the rock and the underground environment between the two laboratory 
of Meuse/Haute-Marne and ÄSPÖ and the laboratory in China, their research results of 
temperature are reasonable and could be used in China as a reference. It is worth noticing that the 
determination of temperature monitoring range is set according to the temperature variation 
range in other laboratories. The final result is still determined by specific situation of temperature 
variation in China. The metallic storage tank and its surrounding temperature may be subject to 
the effects of nuclear radiation, which can make the temperature rise sharply. At that time, the 
highest limit of monitoring temperature should be raised on the basis of real situation. 
In addition to determining the range of temperature monitoring, for the temperature 
monitoring work, the accuracy of temperature monitoring is also needed. The accuracy of the 
temperature monitoring can be determined by the minimum temperature change, which can 
significantly affect the safety and stability of underground laboratory or temperature monitoring 
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system in the laboratory. The temperature changes can have a significant impact, so the change 
of the disposal environment cannot be ignored in order to ensure normal operation of the 
underground laboratory. If the variation is not large enough to affect the condition of the 
underground laboratory (namely, supposing that the variation of the temperature causes all the 
important parameters of the underground laboratory to be less than 1% of their ranges), then the 
variation of the temperature can take as a minimum. 
According to the above approach, the accuracy of temperature monitoring can be soundly 
determined. Since China's underground laboratory construction work has not yet been started and 
there is no real temperature data, the determination of the accuracy of temperature monitoring, as 
the premise of development of temperature monitoring technology, still needs to be referred from 
the results of temperature experiments in the underground laboratories from other countries. The 
global geological temperature is changing slowly with a wide range, and its changing rate is -0.2 
°C/year. This change is small, however, in the thermal conductivity reverse modeling experiment 
of ÄSPÖ Hard Rock Laboratory, it can affect the fitting of temperature measurement data on its 
stability [11]. Therefore, for underground laboratory, the accuracy of temperature monitoring 
should be at least 0.1 °C. 
In summary, for the hypothetical results of temperature monitoring in Chinese 
underground laboratory, the range of temperature change is 8 to 100 °C, the range of temperature 
monitoring is -20 to120 °C, and the temperature monitoring precision is 0.1 °C. 
3.2 Temperature Monitoring Technology 
Since the temperature is a measurement of the motion intensity of micro particles, in 
order to describe the macroscopic temperature, it must be implemented by indirect measurement 
methods, namely, measuring the physical quantities with quantitative relationship between the 
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measurement and the temperature to realize the measurement of the temperature indirectly. For 
instance, the thermometer measures the temperature through the changing relationship between 
the liquid volume and the temperature. In order to monitor the temperature of each part of the 
underground laboratory, it is necessary to choose the appropriate monitoring technology to 
obtain the temperature data. The commonly used temperature monitoring equipment is 
extensometer, thermocouple and Fiber Bragg Grating (FBG). 
The thermocouple is composed of two different conductors or two different 
semiconductors. As long as the temperatures of two interfaces in the conduct are different cold 
end with relatively low temperature and hot end with relatively high temperature there will be 
contact potential and even temperature difference potential in the thermocouple. Since the 
thermocouple itself is a connected open circuit, there will be the corresponding thermoelectric 
current. As long as the data of thermoelectric current can be obtained through measurement, the 
measured temperature data can be obtained according to the relationship between temperature 
and current. The principle and structure of thermocouple temperature monitoring are relatively 
simple, and the monitoring precision is high. The thermocouple has been widely applied in the 
temperature monitoring experiments in ÄSPÖ Hard Rock Laboratory [13]. However, it should be 
particularly mentioned about the use of the thermocouple where various factors would cause 
measurement error, such as the thermal inertia of the thermocouple, thermal transmission of the 
thermocouple, the thermal radiation heating or thermal radiation cooling of thermocouple contact 
surface and so on [14]. To eliminate the impact of these factors, it is necessary to establish the 
corresponding mathematical model to calculate the error of monitoring data along with 
monitoring data and obtain more accurate temperature data. For the radiation error, the 
	 16 
corresponding theoretical model has been established, and the data obtained by the theoretical 
model is highly consistent with the real temperature data [14]. 
Compared with the thermocouple, the FBG sensor applied in the temperature monitoring 
has more advantages in the accuracy of the data. As the name suggests, FBG means that there are 
gratings in the optical fibers. The grating index used to describe these gratings is periodic, and 
the grating has the reflection function to the light with the specific wavelength (Bragg 
wavelength λB) [15]. The formula of mathematical description for λB is [15]: 𝜆! = 2𝑛Λ                                                                (1) 
in which n means effective refractive index of optical fiber, Λ is the adjustment period of the 
refractive index of optical fiber center. The numerical values of n and Λ increase with the 
increase of the temperature, so when the temperature increases, λB gets larger, and the correlation 
of the temperature and λB is positive. λ! = λ!(α+ ξ)∆T                                                        (2) 
In the formula (2), α is the thermal expansion constant of optical fiber, and 𝜉 is the 
thermo-optical coefficient of optical fiber. The sensitivity of fiber grating to temperature is 
determined by the two coefficients [15]. By monitoring the wavelength difference of the reflected 
wave in the optical fiber, one can obtain temperature value quickly and conveniently compared 
with the initial temperature. 
Different from thermocouple, FBG would not be affected by radiation [15], and in addition, 
it has many other advantages, for instance, it can be used as local (point like) and quasi 
distributed sensor; it has good linearity reading and can easily deal with the data; it has simple 
data demodulation scheme of wavelength; it can be applied in severe environment (e.g. 
electromagnetic field, high temperature, etc.); it has high accuracy of measurement, and the 
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levels of uncertainty in the data is within ±0.5 of measuring range; meanwhile, compared with 
the extensometer, it produces no noise when monitoring data [16]. The only obvious disadvantage 
is the strong brittleness [15]. The reason is that the material constituting the fiber is silica, but the 
superiority of FBG is undeniable. In the monitoring experiment of Horonobe underground 
laboratory in Japan, the researchers created a 凵-shaped bracket, which can control the degree of 
bending angle of optical fiber, for the installation of FBG, and with the method of compensation, 
this bracket can also eliminate the effect of expansion and contraction of optical fiber on the 
position and the size of fiber grating caused by the temperature [16].  
In addition to FBG, temperature-monitoring technology that uses optical fibers also 
includes distributed optical fiber temperature sensing technology, but different from that of FBG, 
the principle of this technology is measured by optical time domain reflectometometer. Since 
back scattering occurs when light propagates in the optical fiber, and the intensity and spectral 
composition of backscattered light are determined by the molecular composition of the optical 
fiber, the reason for the occurrence of Raman backscattering components is the thermal 
molecular vibration. It can be concluded that the intensity of the backscattered light is 
determined by the temperature, and the temperature can be determined by monitoring the 
intensity of the backscattered light. Not only that, the point of monitoring the temperature of the 
optical fiber can be accurately determined, and the distribution temperature data can be obtained 
by combining with the monitoring temperature data. This is because the propagation speed of 
light in optical fiber is certain, by calculating the propagation time of the backscattered light, the 
propagation distance can be determined, and then the location of back scattering is determined. 
This technique is easy to operate and does not need to be connected to the circuit, and it has been 
used as a new physical method for temperature measurement since 1992, in which the 
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monitoring accuracy of the monitoring technology is 0.1 K, meeting the requirements of 
temperature monitoring [17]. 
Some monitoring techniques cannot only be used for temperature monitoring, but also 
can be applied for monitoring other parameters in underground laboratory. For instance, FBG 
can also be used for stress monitoring of the rock and pressure monitoring of the pore [16], and it 
is a monitoring technology gathering various monitoring functions. FBG and distributed 
temperature sensing technology can be used to observe the groundwater flow and stream flow 
[16,17]. While the monitoring technologies of some other parameters (such as relative humidity) 
have the function of temperature monitoring, which are listed in Table 3 with the above 
monitoring techniques for comparing the pros and cons of each technology. 
Table 3. Temperature monitoring technology. 
Type Component materials 
Monitoring 
parameters 
Monitoring Range 
or Precision Monitoring site 
K-type 
thermocouple 
in Pentronic 
Company [13] 
CuNi Temperature 
 
Rock body 
J-type 
thermocouple 
[13] 
Inconel 600 
(Inconel) Temperature 
 Inner and surface 
of metallic storage 
tank 
Relative 
humidity 
sensor In 
Rotronic 
Company [13] 
Main body is 
stainless steel, and 
inner is resin; the 
main body and cable 
are wrapped with 
Titanium 
Relative humidity 
Temperature 
0-100% 
-50 to 200 °C 
Cushioning 
material 
FBG [15,16] The core is silica glass with coating 
Temperature 
Displacement 
masspore 
pressuregroundwa
ter velocity 
 
Rock body 
Underground 
water 
Distributed 
optical fiber 
temperature 
sensing 
technology [17] 
The core is silica 
glass 
Temperature 
groundwater 
velocity 
0.1 K 
Rock body 
Underground 
water 
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In these temperature monitoring techniques, fiber grating technology has the advantages 
of wide application range, high precision, high durability and so on. It is an ideal monitoring 
technology in the future underground laboratory and deep geological disposal repository. After a 
long period of development, the thermocouple has become a mature temperature monitoring 
technology, and can also be used in the temperature monitoring of the underground laboratory. 
3.3 Corrosion Temperature Monitoring Design 
In addition to the temperature monitoring technology meeting the monitoring range, 
accuracy and environmental conditions, the actual operation of temperature monitoring 
experiment should be equipped with scientific and reasonable monitoring program to reach the 
purpose of the experiment and obtain the temperature data needed. Therefore, the development 
of monitoring programs is an important part of the implementation of the experimental program. 
For the development of the monitoring program, the length of the monitoring time, the 
monitoring object, the distribution of monitoring points, monitoring requirements of the 
parameters, as well as the selection of monitoring technology and the establishment of 
monitoring mode should be fully taken into account. Considering that the expected time for deep 
geological repository lasts for several million years, in order to simulate the actual disposal 
situation, obtain the reasonable monitoring data and experimental results in a short period of 
time, verify the safety, feasibility and reliability of the deep geological disposal scheme and 
speed up the examination and approval of the deep geological disposal project, time for 
monitoring experiment is generally about 3 years and not less than 1 year. The detected material 
is an object directly or indirectly affected by the experimental conditions in the laboratory, and it 
mainly includes rock body, cushioning material (bentonite, bentonite mixture, etc.), metallic 
storage tank and underground water. The distribution of monitoring points should be selected 
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reasonably according to the actual situation, since not each point of the detected object can be 
monitored; one should choose the representative point, which can comprehensively summarize 
the properties of the detected object. These points are distributed inside the rock body or on the 
surface of it, inside the cushioning material or on the surface of it and inside the metallic storage 
tank or on the surface of it. Since the metallic storage tank, the bentonite of the metallic storage 
tank and the rock drill hole of the metallic storage tank are mostly cylindrical symmetrically 
distributed, and in order to be more convenient to summarize and deduce the variation rule of the 
monitored parameters, these points are designed at different height of the axial symmetric 
distribution. In addition, the special points that may have extreme value should also be 
monitored. The monitoring requirement for parameter refers to the range and accuracy, which 
are given according to the actual requirements of deep geological disposal. The monitoring 
requirements for temperature have been proposed in the previous section, and the reasons for 
design requirements have been illustrated. The choice of monitoring technology must first meet 
the requirements for the monitoring parameters, considering the length of life, cost and other 
factors. Finally, after the acquisition of a certain amount of data, we can start the establishment 
and debugging of the monitoring model, which can be used to forecast the situation of deep 
geological disposal. 
In the paper [13], the author presented a design of a temperature buffer experiment, which 
can be used to monitor the parameters of the rock body, the bentonite and the metallic storage 
tank, and the experiment was carried out for a period of 645 days. Figure 4 is a three dimensional 
schematic diagram of the experimental setup, which describes the setup of the whole experiment 
in detail. 
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In the paper [13], the author presented a design of a temperature buffer experiment, which 
can be used to monitor the parameters of the rock body, the bentonite and the metallic storage 
tank, and the experiment was carried out for a period of 645 days.  
The two white cylindrical blocks located in the middle are the heaters. The heaters are 
surrounded by the bentonite blocks with cylindrical and annular shapes, and they are translucent 
in the figure. The sand barrier is set between the bentonite and metallic tank to reduce bentonite 
block temperature, as presented in yellow in the figure. The points in other colors represent the 
parameters of the monitoring sensor. The red one represents the temperature sensor, the green 
represents the humidity sensor, the purple represents the full pressure sensor, and the yellow 
represents the gap pressure sensor [13]. 
The same arguments apply to the research on temperature monitoring in ÄSPÖ Hard rock 
Laboratory. J. Sundberg and G. Hellström carried out an inversion model solution to the 
coefficient of heat conduction, which is obtained by temperature monitoring in repository 
prototype, and found that the result coincided with predicted result, and finally obtained the data 
of thermal conductivity parameter.  
The above temperature monitoring programs have achieved good results, and the 
geological composition in ÄSPÖ Hard rock Laboratory is granite, the same with the geological 
composition of the underground laboratory scheduled to be established in Beishan area in China, 
and its environment is likely to be similar with the former, which is of great significance for the 
monitoring of the corrosion temperature of the materials in Chinese underground laboratory. 
Since the metal material is the focus of corrosion, the corrosion temperature monitoring should 
be carried out over the metal material, such as metallic storage tank and monitoring device 
containing metal material. In the future experiment, one can install temperature monitoring 
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sensor on the centers of upper and lower bottom on the inner walls of metallic storage tank, 
intersection between bottom and side according to the distribution of three sites, and install 
temperature monitoring sensor on the same location on the outer wall of metallic storage tank. 
Since the metallic storage tank has cylindrical shape, and each cross section is axisymmetric, one 
can install temperature-monitoring sensor on the half of the cross section, as shown in Figure 1, 
where the red dot represents sensor-mounting point. This small part of the temperature 
monitoring data can represent the overall temperature of the metal storage tank, so that the 
monitoring experiment is greatly simplified, which is beneficial to improve the efficiency of the 
experiment. 
 
Figure 1. Schematic diagram of temperature sensor installation sites in corrosion monitoring.  
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CHAPTER 4: RESISTIVITY MONITORING 
 
The actual process of metal corrosion is metal being oxidized and entering into the 
solution from the original metal matrix, or combining with non-metal ions to form the 
compound, the essence of which is that metal atoms lose electrons and become metal ions. The 
principle of metal corrosion is divided into chemical corrosion and electrochemical corrosion. In 
the process of chemical corrosion, the metal atoms react directly with the substance in the 
corrosive medium to cause corrosion, while the electrochemical corrosion is the reaction 
between the metal substrate and the surrounding environment, which constitutes the primary cell 
and forms a closed circuit, and now the metal matrix is at a low potential corrosion, the metal is 
equivalent to the negative electrode of the original battery, and loses electrons to be oxidized. 
Most of the metal corrosion is caused by the electrochemical corrosion, so the focus of corrosion 
is on the electrochemical corrosion. 
Actually, in the process of electrochemical corrosion, since the corrosion current is 
formed by the metal atoms losing electrons, and the number of the lost electrons for each metal 
atom is almost fixed (for instance, Fe atoms are oxidized to generate Fe2+ or Fe3+, releasing 2 to 
3 electrons, respectively, but under the condition of electrochemical corrosion and poor 
environmental oxidation, Fe2+ will be generated first), so generally the corrosion rate of the metal 
can be calculated by monitoring the size of the corrosion current and the type of the corrosion 
atoms. It also means that corrosion rate is proportional to the corrosion current, as long as we 
know the size of the corrosion current, we can know the corrosion rate. 
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One of the most important factors influencing the electrochemical corrosion current is the 
resistivity of the corrosion medium. If the resistivity is high, the total resistance of closed circuit 
of the primary battery formed by the metallic materials and corrosive media in the environment 
will be correspondingly larger, and in the case of constant potential difference, the corrosion 
current in the circuit will be smaller, and since the corrosion rate is proportional to the corrosion 
current, it will also be smaller; while on the contrary, the corrosion rate will be larger. It can be 
concluded according to the above condition that, the greater the resistivity of the corrosive 
medium, the smaller the corrosion of the metal material. 
As the deep geological disposal facilities which are expected to be used for more than 10, 
000 years, the metal materials located in them need long term and effective corrosion protection, 
and the most important metal material device is the metal storage tank which encapsulates high 
radioactive nuclear waste. In order to give a good anti-corrosion protection environment for 
metal tanks, in addition to the choice of the medium with high resistivity and the contact of the 
metal tank in the laboratory, it is necessary to monitor the resistivity of the medium, and the so-
called medium is the bentonite and the mixture of bentonite and other substances (simply called 
bentonite mixture). The reason for putting forward such high requirement is that, even in the 
deep underground, in the granite rock mass with high density and less gap, there may still be 
groundwater infiltrating into the repository or underground laboratory. Once the groundwater 
infiltrates into it, wetting the bentonite in the metallic storage tank, the resistivity of bentonite 
would be reduced greatly. To obtain the data of the resistivity change of bentonite and bentonite 
mixtures under the condition of groundwater infiltration, test and improve their corrosion 
resistance, we need to conduct resistivity-monitoring experiment in the underground laboratory. 
	 25 
4.1 Resistivity Monitoring Range and Accuracy 
Same as temperature monitoring, to conduct the study of resistivity monitoring, we 
should first determine the monitoring range and accuracy of resistivity monitoring. Similarly, we 
can set the upper and lower limits of the resistivity change interval of 20% or more over the 
variation interval to use the upper and lower limits as the monitoring range of resistivity. The 
monitoring accuracy of resistivity can be determined by the minimum resistivity change, which 
can obviously affect the safety and stability of the underground laboratory or the resistivity 
monitoring system in the laboratory. 
The candidate cushioning material for deep geological disposal is bentonite, and in the 
future bentonite should not only be filled in holes placed in metal storage tanks, surrounded by 
metal storage tanks, it should be used as the filling material for the underground tunnel. The 
main soil material in the deep geological disposal repository is bentonite, so as the main material 
for the study in the underground laboratory, the resistivity of bentonite in different conditions has 
become the focus of the study. 
The lattice structure of bentonite is composed of SiO4 with tetrahedron of two layers and 
Al (O, OH) 6 with regular octahedron of one layer. It can be seen that Al atoms occupy a larger 
proportion of lattice volume, and the Si atoms in the unit cell may be replaced by Al atoms [18]. It 
is proven in actual analysis that the proportion of Al atoms in bentonite is larger. In the study of 
the properties of bentonite by S.C. Lim et al, through the analysis of B1, B2 and B3 three 
different bentonite by using the energy spectrum, it was found that the content of Al in bentonite 
followed that of Si, 27.36%, 26.1% and 15.13%, respectively [19]. The content of Al in bentonite 
is of great significance for its resistivity. The reason is that the Al3+ in bentonite can be replaced 
by H+ in the liquid of bentonite [20]. If the concentration of H+ in the liquid containing bentonite 
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is increased, influenced by the combination of these two factors, the resistivity of bentonite will 
be greatly reduced. 
While the resistivity of bentonite itself is not high, as the backfill materials of the power 
grounding system, the bentonite needs to meet one of the requirements of the backfill material 
for the power system [19]: low resistivity and stable characteristics. The specific data of the 
resistivity of bentonite have been given in the study of its properties, and in the research of S.C. 
Lim et al and M.B. Kostic et al, the degree of resistivity of three different bentonites in dry and 
wet conditions have been given in Table 4. 
Table 4. The resistivity of different bentonites. 
  
According to the bentonite resistivity measured previously, we can give the range of 
resistivity of bentonite from about 0 to 250 Ω⋅m, since the resistivity can't be negative, and the 
monitoring range of resistivity can be set within 0-300 Ω⋅m. 
According to the relationship between resistance and resistivity 𝑅 = !!, it can be seen that 
in the electric loops, which are composed of metal material and corrosive substance in the 
bentonite, the resistance is determined by ρ and l/S jointly. If l/S is small, even if the resistivity ρ 
changes a lot, the total resistance of the circuit will not change too much, and the monitoring 
precision of monitoring soil resistivity is not high. On the contrary, resistivity monitoring with 
high precision is needed. Due to the influence of the equipotential surface of the corrosion 
potential in actual corrosion, there will be multiple bars of corrosion circuit, as shown in Figure 
No. of Bentonite Resistivity in dry condition (Ω⋅m) 
Resistivity in wet condition 
(Ω⋅m) 
B1 (Na-bentonite) [19] 70 0.9 
B2 (Unknown bentonite) [19] 130 0.7 
B3 (Ca-bentonite) [19] 225 16 
B4 (Unknown bentonite)  [21]  2.5 
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2. The circuit is equivalent to parallel connection, resulting in a decrease in total resistance. In 
addition, since the electrochemical corrosion occurs mostly in the vicinity of the metal material, 
the length of the power circuit is short, and the corrosion area S is usually larger in proportion, so 
according to the above analysis, it can be roughly estimated that the resistivity monitoring of 
bentonite is not too high. Therefore, the accuracy of the measurement in the previous studies can 
be chosen as 0.1 Ω⋅m or 1 Ω⋅m as the monitoring precision. 
 
Figure 2. Schematic diagram of electrochemical corrosion potential and corrosion current, the 
corroded metal material is in a negative electrode, at a low potential V2; the substance that causes 
corrosion is in a positive electrode, at a high potential V1. 
 
4.2 Resistivity Monitoring Technology 
There are various measure technologies for measuring resistivity of soil, including four 
needle electrodes, time domain reflector, dual electrode cell and so on. The four-needle 
electrodes method is often applied for resistivity measurement in geology, hydrology, 
archaeology and some other large-scale soil resistivity measurements. The four electrodes are 
often arranged the by Wenner electrode layout or Schlumberger electrode layout [22]. Except for 
the measurement of a wide range of field, it can also be used in laboratory by manufacturing a 
small four-needle resistivity-measuring instrument. Figure 3 shows the compacted clay 
resistivity measuring instrument, which can be used in laboratory [23]. G.L. Yoon and J.B. 
Park applied the four-needle method in the resistivity research of sandy soil [24]. Four-needle 
method is a simple and inexpensive way of resistivity measurement. The schematic diagram is 
	 28 
shown in Figure 4. Through the inference and calculation of the following formula [22], one can 
get the measured soil resistivity. 
 
Figure 3. Equipment for testing the resistivity of compacted clay [23]. 
 
 V! = !!!" ( !!! − !!!)                                                           (3) V! = !!!" ( !!! − !!!)                                                           (4) ρ = !"!! !!!!! !!! !( !!!! !!!)                                                        (5) 
 
Figure 4. Schematic diagram of working principle of four needle resistivity measuring 
equipment. 
 
The dual electrode cell is similar to the four-needle method. In the research of 
conductivity of compacted silty clay, V.A. Rinaldi and G.A. Cuestas adopted this technology. 
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The schematic diagram is shown in Figure 5 [25]. As shown in Figure 5, the electrode material of 
battery is nickel-plated copper. Comparing the dual electrode cell and the four-needle method, 
we will find that the dual electrode cell is simpler for measuring the resistivity of soil, because 
the uneven distribution of sample soil, the disturbance after the insertion of potential electrode, 
and the electrode’s contact with resistance will affect the measurement accuracy with the four-
needle method. Not only that, if the real and imaginary parts of the impedance are different, the 
four needle method is failed. So, dual electrode cell is more commonly used by researchers for 
measuring the resistivity of soil [25]. HP4274A impedance analyzer and SR715 impedance 
analyzer are analytical equipment, which support the use of dual electrode cell.  
 
Figure 5. Schematic diagram of dual electrode cell using for testing the electrical conductivity of 
soil and electrolyte [25]. 
 
Time domain reflectometry (TDR) is a kind of monitoring technology of soil electrical 
conductivity by monitoring pulse signal amplitude, reflection time and waveform and uses the 
data processing system allowing it to calculate the result automatically. Its advantage is to obtain 
not only the soil conductivity, but also the water content of soil and the information of dielectric 
constant [26]. The soil resistivity can be obtained by measuring the conductivity. As a result, TDR 
can also be used for measuring the resistivity. The two researchers who are the first to use this 
method are K. Giese and R. Tiemann. They used TDR waveform to analyze and got the low-
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frequency resistance of sample soil. The principle that they proposed has been revised later and 
can be described as the following [26]: 
 𝜌 = !!!!!!!!!!"#                                                                (6) 𝜌!"#$%& = 𝑍! !!!!"#$%&!!!!"#$%&                                                         (7) 𝜌!"#$%& = 2 !!"#$%&!!!"#$!!"#$!!!!!"# + 1                                                   (8) 𝜎!" 𝑆.𝑚!! = !!!(!)!(!)                                                      (9) 
In the expressions above, Vi is the voltage waveform, Vo is the voltage before the detectro 
entering the cable, Vref is the voltage in the cable tester, Rs is sample resistance, Zc cable 
impedance detector (50 Ω), ρopen is a open circuit reflection coefficient, ρshort is a short circuit 
reflection coefficient, ρsample is sample reflection coefficient, σdc is bulk conductivity and g is 
geometric factor. 
Time domain reflectometry technology has been developed and can be used 
commercially. In the literature [26], several TDR detectors and TDR waveform analysis software 
are summarized. 
4.3 Design of Resistivity Monitoring 
At present, there is no underground laboratory, which carries out the resistivity 
monitoring experiment of bentonite in the existing laboratories in the World. As a result, it needs 
a sound-monitoring scheme for such a new project.  
The resistivity of soil depends on many factors, such as the chemical composition of soil, 
permeability coefficient, compaction degree, temperature, initial water saturation and other 
factors. The relation between soil resistivity and these factors can be described by the following 
equation [23]： 
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𝜌 = 𝑎𝜌!𝑛!!                                                          (10) 
where ρ is the soil resistivity of water saturation, ρw is the resistivity of the fluid in the pores, n is 
the porosity, a and m (cementation coefficient, constant) are determined by soil or rock type. !!!"# = 𝑆!!                                                             (11) 
where ρ is the resistivity of the non-water saturated soil, ρsat is the resistivity of the water-
saturated soil, S is the water saturation, and B is the empirical parameter; 𝜌! = !!"!!!(!!!")                                                         (12) 
where α is an empirical parameter, about 0.025 °C-1; 𝜌! = 𝜌!10!!"(!!!")                                                    (13) 
where T (T > 0 °C) is the soil temperature, ρT is the resistivity at temperature T, ρ25 is the 
resistivity at the standard temperature (25 °C), and CTE is the thermoelectric coefficient. 
Through the relation above, it can be found that monitoring the variation of resistivity of 
bentonite can be achieved by monitoring the porosity, water saturation, and temperature in 
bentonite. As a result, in the actual monitoring process, the resistivity can be monitored by not 
only direct monitoring method (such as the four needles), but also indirect monitoring method, 
that is to obtain the resistivity data of bentonite through monitoring the porosity, water saturation, 
and temperature. After reasonable consideration of many conditions, such as the workload, 
difficulty, cost, and so on, the best monitoring method and technology can be selected. 
As for the monitoring time, the short-time method (100 days) can be adopted for the first 
time in order to obtain the data to analyze the variation trend and weaknesses of experiment, 
which could make preparation for the later monitoring in a longer period of time. The monitoring 
sites should be centralized around the metallic storage tank. For simplicity, the temperature-
monitoring scheme can be referred to, and we can only monitor the half plate of cylindrical 
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longitudinal section of the bentonite. However, if you want to carry out the monitoring more 
accurately, the bentonite should be monitored in multiple directions, since it cannot be 
guaranteed that the water contents and temperatures in each direction are all the same. In 
addition, as a kind of clay, the resistivity of bentonite is anisotropic [23]. The monitoring 
conditions can be designed by porosity, water saturation, temperature and other parameters. 
Finally a scientific and reasonable monitoring scheme can be manufactured through controlling 
variation method and by designing the control group.  
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CHAPTER 5: EXPERIMENT 
 
5.1 Aim of Experiment 
It is necessary to carry out simulated corrosion-temperature monitoring experiments and 
corrosion-resistivity monitoring experiments using existing underground research laboratories. 
Simulated experiments, corrosion, temperature and resistivity data of the URL can help obtaining 
the advantages and the disadvantages of different monitoring systems. This can help to find out 
the shortcomings of the various monitoring systems. This can also help to improve the 
monitoring system. This information can be used to select the most suitable method for 
underground laboratory monitoring instruments. 
Specific corrosion and temperature monitoring techniques and instruments used in 
underground laboratories have not yet been formally developed. The author chose to use the self-
compensating high-precision inductive corrosion monitoring system and multifunction soil 
corrosion rate measurer that has been developed by Zhongwei Corwell Corrosion Control 
Technology Co., Ltd. (ZKwell) and has been widely used in monitoring practice.  
The purpose of this experiment is to monitor corrosion rate-temperature data and 
corrosion rate-resistivity data in bentonite. These experiments also analyze the relationship 
between corrosion rate and temperature, and the relationship between corrosion rate and 
resistivity of bentonite. 
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5.2 Experimental Apparatus Structure and Principle 
5.2.1 The Inductance Probe 
The equipment used in this experiment, consists of a corrosion-temperature monitoring 
system (self-compensating high-precision inductance corrosion monitoring system). The 
instruments or articles of system are listed below. Details are shown in Table 5. 
Table 5. General parameters of inductance probe. 
Working voltage 12-36VDC 
Interval of date acquisition ≥1 min（optional） 
Power consumption of the instrument 0.5W 
Ambient temperature －25 °C to +70°C 
Explosion-proof type Intrinsic safe, Flameproof 
Protection class IP65 
Data transmission RS485, 4-20 mA 
Installation Through the adapter and probe integrated connection 
Temperature measurement Yes 
 
The most important thing to know about the entire monitoring system is the inductance 
probe, which is the core device for monitoring corrosion. The corrosion monitoring principle of 
inductance probe of the probe test piece in corrosive environment will be corroded and thinning, 
monitoring the corrosion of the test piece, and the impedance signal will change because of 
thinning. By measuring the impedance signal changes, it can be measured indirectly to get the 
value of accumulation of corrosion thinning, and then will be able to obtain the corresponding 
corrosion data [27]. The inductive probe is also equipped with a PT1000 temperature sensor for 
monitoring the temperature for temperature compensation. Since the temperature data can be 
monitored, this system can be used as a temperature monitoring system as well. One of the 
advantages of the monitoring system is that it can be used to monitor data that can 
simultaneously obtain corrosion losses and corrosion temperatures. Therefore, this system cannot 
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only carry out the corrosion loss or temperature data of the individual analysis, but it can also 
analyze the relationship between corrosion loss and temperature. 
In addition to the above advantages, self-compensation high-precision inductance 
corrosion monitoring system also has a high sensitivity, fast response, strong anti-jamming and 
other advantages. It has been widely used due to these advantages.  
However, this corrosion monitoring system is likely not to be used as an underground 
corrosion monitoring system for underground laboratories because the inductance probe of the 
corrosion monitoring system is used to monitor the corrosion rate by corrosion, which is 
continuously corroded during the operation of the system. Time and gradually increases the loss, 
which causes the final failure. The corrosion loss of the inductive probe is from -250 µm initial 
value gradually increased to +250 µm the final value of the useful life of the test piece thickness, 
which can be divided by the calculated annual corrosion rate, for example: If the test piece 
thickness is 0.25 mm, corrosion rate is 0.125 mm/year, then the life of the inductance probe is 
less than 2 years. This short life of the system is far less than the requirements of underground 
laboratories, even if the thickness of corrosion test piece is increased. The corrosion monitoring 
technology can only be used for shorter experimental projects, and we need to develop a longer 
life corrosion monitoring technology. 
5.2.2 The Electrochemical Probe  
The other equipment used in this experiment, consists of a corrosion-resistivity 
monitoring system (multifunction soil corrosion rate measurer). The instruments or articles of the 
system are listed below. Details are shown in Table 6. 
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Table 6. General parameters of electrochemical probe. 
Temperature 0 °C to 40 °C 
Relative humidity ≤ 80%RH 
Measurement range of soil 
temperature -10 °C to 100 °C, error: 2 °C 
Measurement range of soil 
oxidation-reduction 
potential 
±2000 mV, error: ≤ 1% 
Measurement range of soil 
resistivity 0 to 10 KΩm，error:≤ 2% 
Measurement range of soil 
polarization resistance 40 Ω to 300 KΩ，error:≤ 3% 
Measurement range of soil 
corrosion rate 1×10
-4 to 2 mm/a 
The charging time of storage battery is 6 hours, during which it can function properly. The battery can continuously 
work for 24 hours after one full charge. 
 
Electrochemical measurement techniques have been widely used in laboratories and 
industry. For corrosion monitoring in the field on a large scale, the linear polarization resistance 
(LPR) technique normally is used. Several initiatives have been taken to extend LPR 
measurements with other electrochemical techniques in order to acquire reliable information and 
to enable other measurements, like uniform corrosion, localized corrosion such as pitting, crevice 
corrosion and stress corrosion cracking [28].  
Polarization resistance method is measured by determining the corrosion current, the 
instantaneous measurement of the dielectric on the electrode corrosion rate. Current flowing 
through the electrode can cause potential changes to the electrode, called polarization. 
Polarization causes the anode potential to change in the positive potential direction (potential 
rise), causing the cathode potential to change to the negative potential (potential decrease). There 
is a change in the electrode potential and the current density. The relationship between the 
electrode potential and the current density is represented by the polarization curve. If the 
polarization curve is steeper, indicating that the resistance of the electrode reaction process is 
larger; the curve is flat, indicating that the resistance of the electrode reaction process is also 
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smaller; this resistance is called the polarization resistance. At both ends, the electrode applies a 
certain voltage measured as the polarization resistance between the electrodes, allowing to 
calculate the corrosion current, and ultimately calculate the corrosion rate. The polarization 
resistance (Rp) and the corrosion current (I!"##) can be obtained from the following equations (14) 
and (15) [29]: R! = (∆!∆!)!!"##                                                         (14) I!"## = !!!                                                             (15) 
B is the Tafel coefficient, according to the different characteristics of the system and can be 
obtained by estimates. 
Linear polarization is quite suitable for monitoring. It has a quick response to corrosion 
changes, allowing to obtain instantaneous corrosion rate, and can reflect the changes in 
equipment operating conditions in a timely manner. However, it is not suitable for applications in 
poorly conductive media, because when the surface of the device has a dense layer of oxide film 
or passivation film, and even accumulation of corrosion products, they will produce false 
capacitance to cause a great error, or even make it impossible to measure. In addition, the linear 
polarization method to obtain corrosion rate is based on steady-state conditions; the measured 
object is uniform corrosion or comprehensive corrosion. The technology cannot provide local 
corrosion information. The detection of metal corrosion rates under special conditions often 
requires comparison with other test methods to ensure the accuracy of linear polarization 
detection techniques. The linear polarization resistance method can monitor the corrosion rate 
on-line [30]. 
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5.3 Experimental Protocol 
In order to analyze the relationship between temperature and corrosion rate and between 
soil resistivity and corrosion rate of the metal material in the bentonite, we need to develop a 
reasonable experimental scheme to obtain the real and effective experimental data. Then we need 
to carry out the data of the temperature and corrosion rate of the bentonite, and then analyze 
them. The specific experimental program is follows. 
• Weigh the dry bentonite with a pallet balance and measure the deionized water (use for 
inductance probe) or running water (use for electrochemical probe) with cylinder; 
• Bentonite and deionized water or running water were mixed to form a bentonite sample 
with three different proportions, using the formula η = !!"#$%!!"#!!"#$                                                              (16) 
to represent the water content, six samples of bentonite were numbered separately A (η = 
100%), B (η = 200%) , C (η = 50%), D (η = 100%), E (η = 80%) and F (η = 60%); 
• Insert the inductance probe tip into the samples A, B and C for temperature and corrosion 
rate monitoring. Insert the electrochemical probe tip into the sample D, E and F for 
resistivity and corrosion rate monitoring. The sample container should be sealed with 
plastic wrap to prevent moisture evaporation, as shown in Figures 6 and 7. 
 
Figure 6. Bentonite samples and temperature-corrosion sensor experimental diagram. 
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Figure 7. Bentonite samples and resistivity-corrosion sensor experimental diagram. 
 
• Place the A, B and C samples at room temperature for 3 days. Record the temperature and 
corrosion rate data of the probe at 1/30 min (the data recording frequency can be up to 
1/5 min; but it will easily record noise, if the frequency is too high). Place the D, E and F 
samples at room temperature for 2 days. Record the resistivity and corrosion rate data of 
the probe at 1/60 min. 
• Using the data recorded by the inductance probe and the data collector, plot the 
temperature, corrosion rate and time at samples, and compare the three sets of data. Using 
the data recorded by the electrochemical probe and the data collector, draw the curve 
graph of resistivity, corrosion rate, and time of three water levels and compare the three 
sets of data. 
• Analyze and discuss the conclusions. 
In this experiment, water has been used. Bentonite as the common filler used to deal with 
the nuclear waste, it can help to prevent the groundwater invasion and the leakage of 
radioactivity waste. When groundwater invasion bentonite, some corrosion elements will 
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dissolve in water, then generated current and result corrosion. So we need to monitor the 
corrosion status of bentonite. This experiment uses deionized water and tap water. Deionized 
water used in conductance probe experiment and tap eater used in electrochemical probe 
experiment. Deionized is the common solution in experiment; inductance probe experiment does 
not need to monitor the resistivity, so deionized water was used as solution. Electrochemical 
probe experiment needs to monitor the data of resistivity, however, the resistivity of dry 
bentonite is extremely small, if still use deionized eater, we cannot get the obvious data of 
resistivity. So, in electrochemical probe experiment, tap water was used as the solution. 
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CHAPTER 6: RESULTS AND DISCUSSION 
 
6.1 The Inductance Probe 
• Sample A 
First, analyze the corrosion loss and temperature monitoring data of Sample A. The 
curves of corrosion loss, probe temperature and corrosion rate versus time are plotted on the 
graph Figure 8. The data in the upper right-hand corner of the graph is given by the monitoring 
system. Next, use same step to draw the data curve of Samples B and C. 
 
Figure 8. Curve of corrosion loss, temperature and corrosion rate of inductance probe in Sample 
A versus time [monitoring frequency 1/5 min]. 
 
The experimental instrument was tested using Sample A for 5 hours. It can be seen from 
the Figure 8 that the corrosion loss decreases with time. The values of the annual corrosion loss 
and the annual corrosion rate erroneously show 0, which is contrary to the laws of nature. The 
reason for this may be because the monitoring frequency is too high, the monitored corrosion 
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loss signal contains noise, and the noise signal intensity is greater than the signal of corrosion 
loss. For this possible reason, in order to exclude its interference, we can adjust the monitoring 
frequency to 1/30 min. 
After adjusting the monitoring frequency to 1/30 min, we conducted a long time 
monitoring of Sample A from 2016/5/23 14:41 to 2016/5/27 8:40. Sample A was replaced at 
2016/5/24 10:40 during this period, with the same water content, except use plastic wrap cover 
the mouth of the container. Figure 9 shows the experimental data. As seen from Figure 9, the 
monitored temperature slowly decreased from about 38 °C to about 24 °C over a period of about 
one day and then remained stable. The room temperature was about 24 °C, and the Sample A was 
heated to about 38 °C by using a constant temperature water bath at a temperature of 40 °C 
before the start of the experiment. The corrosion loss increases rapidly with the initial 
temperature, and its growth trend is also slowing down as the temperature decreases. However, at 
2016/5/24 10:40, the corrosion loss reduced abruptly and returned to the original trend quickly, 
then the temperature slowed down and remained stable. We note that this mutation time point 
coincides with the sample replacement. This result provides an evidence to support the 
assumption that the effect of noise, because the replacement will cause great disturbance to the 
inductance probe. It is necessary to move out the inductance probe from sample and expose it to 
air, then insert the inductance probe in to a new sample. Rapid changes in the environment can 
easily lead to probe impedance changes. However, this assumption has not been fully proven, it 
still need more accurate data for verification. In more feasible approach, which uses other 
sophisticated corrosion–temperature monitor system monitored the same bentonite samples at the 
same time and under the same conditions. Comparing the data to determine the noise signal, or 
taking several experiments to increase the confidence of the conclusions. 
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In Figure 9, it can be seen that the corrosion rate is positively correlated with 
temperature. However, in order to improve the accuracy of the results, several experiments are 
needed. 
 
Figure 9. Curve of corrosion loss, temperature and corrosion rate of inductance probe in Sample 
A versus time [monitoring frequency 1/30 min]. 
 
• Sample B 
The monitoring experiment of Sample B was carried out, at frequency as 1/30 min and 
records the experimental data. The experimental data draw in the graph of Sample B, as shown in 
Figure 10. 
From Figure 10, we can see that the overall trend of corrosion loss is increasing. There 
are many descending segments in the loss curve; this may be due to noise signal interference. 
The overall curve shows the monitoring data reliability. 
Both the corrosion rate-time curve and the temperature-time curve have the same 
downward trend, which proves again that the corrosion rate of metallic materials in bentonite 
samples is positively correlated with temperature. There are many mutation points in two curves 
may be resulting from the noise signal interference. In general, the trend and relationship of the 
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three curves are very clear. However, it is worth noting that the corrosion loss-time curve shows 
a rapid upward trend at the initial stage, and the decreasing trend gradually slows down. This is 
an unusual phenomenon, since the whole experiment is carried out at room temperature (about 
24 °C without the heating stage, so the monitored temperature should not have risen to 27 °C. 
The corrosion loss value before the start of Sample B was -229.52 µm (the corrosion loss before 
replacing the sample is regarded as the initial true value), and the corrosion loss of Sample B 
start was -232.89 µm, which is 3.37 µm larger than the initial monitoring value. 
 
Figure 10. Curve of corrosion loss, temperature and corrosion rate of inductance probe in Sample 
B versus time [monitoring frequency 1/30 min)]. 
 
The data of monitoring Sample B at the initial stage was problematic. Comparing the 
initial monitoring phase of Sample B with the sample replacement stage of Sample A, can be 
found that it is similar between the two curves, regardless of the trend or the initial monitoring 
value. For example, the initial value (-231.31 µm) of the corrosion loss in the sample 
replacement stage of Sample A is larger than the initial monitored value (-234.53 µm) 3.22 µm, 
close to 3.37 µm; the temperature of the initial monitoring value of Sample A is 28.1 °C, close to 
27.3 °C of the Sample B. This phenomenon indicated that the inductance probe has slow 
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response at the early monitoring phase and has monitoring data error. If the judgment is true, the 
initial phase data obtained by inductance probe monitoring should be discarded.  
For the corrosion rate data of Sample B in the upper right corner of the Figure 10, it is not 
only the corrosion rate of the inductance probe in Sample B, since it was found that the 
inductance probe was not completely inserted into the sample during the monitoring process. 
Part of the probe was in contact with air, except electrochemical corrosion, galvanic corrosion 
has also occurred, as shown in Figure 11. But the data still can be used to analyze the 
relationship of corrosion loss, corrosion rate, temperature and time. 
 
Figure 11. Inductance probe corrosion. 
 
• Sample C 
Using the same way, the graph is Figure 12 was obtained. Through the analysis of the 
monitoring data of the Sample C and its relationship curve, the corrosion rate of the metallic 
material in the bentonite sample is positively related to temperature. 
The initial true value (-229.26 µm) of sample C is 4.27 µm larger than the initial 
monitored value (-233.53 µm), and the initial value of temperature is 29.6 °C. The recurrence 
phenomenon shows that the inductance probe may have slow response and error data at the 
initial stage of monitoring. Therefore, if needed to calculate the corrosion rate in the subsequent 
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experiments, the data at the stage of rapid increase in the initial corrosion loss and the rapid 
decrease in the initial temperature should be excluded.  
During the monitoring of Sample C, the inductance probe was completely inserted into 
the bentonite sample. The displayed corrosion rate in Figure 12 is the corrosion rate of the 
inductance probe in the sample. The annual corrosion rate is 0.0174 mm/a. 
 
Figure 12. Curve of corrosion loss, temperature and corrosion rate of inductance probe in Sample 
C versus time [monitoring frequency 1/30 min]. 
 
6.2 The Electrochemical Probe  
After testing the inductance probe, the multifunctional soil detector was used in the 
experiment. The monitoring frequency was set to 1/60 min and the monitoring time was two 
days. In the conductance of the inductance probe experiment, the beverage cup was used as the 
experimental container. The multi-functional soil detector probe length is 25 cm, diameter is 3.5 
cm, as shown in Figure 13. If the same specifications of the container are used, the probe part 
will not be fully inserted into the media. In this experiment the water bottle was chosen as an 
experimental container, as shown in Figure 14. Bottle height is 32 cm, diameter is 9 cm. 
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Figure 13. The electrochemical probe. 
 
 
Figure 14. Bottle in the experiment. 
 
Because the instrument is new, it needed to be test before the formal experiment. Soil 
resistance and corrosion rate calibrator, deionized water and tap water were tested to see whether 
the instrument could work properly. After testing, the resistivity of deionized water is about 1000 
Ω·m, and the resistivity of tap water is about 100 Ω·m. The experimental data are in accordance 
with the actual data. The number of ions is closely related with the resistivity level, the more 
ions, the better the conductivity and the resistivity will be lower. The resistivity of deionized 
water is much greater than the tap water. Unlike inductance probe experiments, this experimental 
apparatus is used to detect temperature, resistivity and corrosion rate data. Because the resistivity 
of bentonite itself is extremely small, in order to record the experimental data, ordinary tap water 
was mixed with bentonite to make different water content samples instead of bentonite mixed 
with deionized water. 
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• Sample D 
First, the corrosion rate and soil resistivity monitoring data of Sample D were analyzed. 
The curves of soil resistivity, temperature and corrosion rate versus time were plotted on the 
same plot is Figure 15 using the Origin software. The same steps were used to draw the data for 
Samples E and F. 
 
Figure 15. Curve of temperature, soil resistivity and corrosion rate of electrochemical probe in 
Sample D versus time [monitoring frequency 1/60 min]. 
 
In Sample D (tap water content 100%), one can see the overall trend of temperature 
increasing, although there are several segments of temperature drop, we still believe that the 
temperature rises slowly and varies by no more than 1 °C, because the temperature vertical axis 
range is small. The overall trend of soil resistivity and corrosion rate is reduced in 100% tap 
water. 
The temperature-time curve in the Figure 15 shows a trend of decreasing from 26.9 °C 
from the beginning, and the lowest temperature of this experiment occurs after about one hour, 
then the temperature began to rise slowly and showed an upward trend. This phenomenon 
indicates that the thermometer on the electrochemical probe may have a slow response at the 
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initial stage of monitoring causing an error in monitoring the data. If this is true, then the 
temperature at the initial stage monitored using the electrochemical probe should be discarded. In 
addition, the temperature of the whole laboratory is about 26 °C. There may be errors in the 
temperature measurement of the instrument. However, it can be seen from Figure 15 that the 
monitoring temperature has risen slowly throughout the experimental phase. We suspect that it 
may be because the probe is an electrochemical probe, in the event of electrochemical corrosion 
system will release a small amount of heat, which could led to the monitoring of the temperature 
rise, or there may be some problems in the system itself, which can cause a measurement error. 
The corrosion rate-time curve shows a decreasing trend. At the beginning, we found that 
the corrosion rate is very large. During the experiment the corrosion rate began to decline and 
stabilized after 600 min, the corrosion rate is stable at about 0.05 mm/a. This may be due to the 
fact that the probe is corroding immediately after it has been placed in the medium and the 
corrosion rate is high. However, as the experiment progresses, the surface of the probe will 
adhere to some of the corrosion products, making the corrosion slow and eventually stabilize. 
Soil resistivity-time curve shown in Figure 15. According to the theory of 
electrochemical reaction, in the electrochemical reaction, the gain and loss of electrons and the 
migration of ions will form current. The conductivity can be obtained by calculation. If a system 
has high resistivity, it means that the corrosion current is small, while the corrosion rate will be 
low, otherwise the corrosion rate will be high. Thus, the relationship between the resistivity and 
the corrosion rate is inversely proportional. However, we cannot see this relationship from 
Figure 15. On the contrary, from Figure 15, soil resistivity and corrosion rate trends are 
consistent. Moreover, the conclusion from the previous inductance probe experiment is that the 
temperature is proportional to the corrosion rate, which is consistent with the actual conditions, 
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but they also show the opposite relationship in electrochemical probe experiments. This may be 
related to the previous analysis of the temperature-time curve, the electrochemical reaction has a 
certain heat output or the measurement errors of instrument, resulting in the relationship between 
temperature and corrosion rate anomalies. This inference can once again explain that 
electrochemical probes are not suitable for the monitoring of corrosion temperature. 
• Sample E 
The Sample E (tap water content 80%) was monitored for the frequency of 1/60 min, as 
shown in Figure 16. According to the analysis of Sample D, using the experimental data to make 
the graph of Sample E. The upper and lower corners of the graph indicate the start and end time 
of the experiment.  
 
Figure 16. Curve of temperature, soil resistivity and corrosion rate of electrochemical probe in 
Sample E versus time [monitoring frequency 1/60 min]. 
 
It can be seen from Figure 16 that the temperature, soil resistivity and corrosion rate are 
consistent with the trend of Sample D. This proves the stability of the experimental instrument. 
The temperature-time curve in Figure 16 still shows an upward trend. Unlike the Sample D, 
Sample E did not show a temperature drop at the beginning of the experiment. The temperature 
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remained essentially the same as the room temperature at the start of the experiment. Therefore, 
there is a need for further verification that the temperature measurement element on the probe 
might have a slow response at the initial stage of the monitoring. The analysis of soil resistivity-
time and corrosion rate-time is basically consistent with the analysis of Sample D. 
• Sample F 
Figure 17 is plotted in the same way. By analyzing the monitoring data and curve 
relationship of Sample F (tap water content 60%), the relationship between temperature, soil 
resistivity and corrosion rate and time was consistent with the previous two samples. In Sample 
F, the temperature-time curve again decreases at the beginning of the monitoring, indicating that 
there is a possibility that the temperature measurement element on the probe does have a slow 
response at the initial stage of the monitoring. To verify this, continued experiment needs to 
focus on this issue. The analysis of soil resistivity-time and corrosion rate-time is basically 
consistent with the analysis of the first two samples. 
 
Figure 17. Curve of temperature, soil resistivity and corrosion rate of electrochemical probe in 
Sample F versus time [monitoring frequency 1/60 min]. 
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• Resistivity Compare 
 
Figure 18. Curve of soil resistivity of electrochemical probe in Sample (a), (b) and (c) versus 
time [monitoring frequency 1/60 min]. 
 
When focusing on the soil resistivity-time curves of individual samples, there are many 
protrusions on the soil resistivity-time curve, shown in Figure 18. The protrusions become larger 
with the decrease in water content. Bentonite itself is very difficult to mix with water and will 
become very sticky if mixed with water, which will cause the bentonite to be very difficult to 
mix evenly with water. In this experiment, no other mechanical tools were used to mix bentonite 
and water; the entire experiment relied on manpower to make water and bentonite mixed evenly. 
As the water content decreases, the sample is becoming increasingly difficult to mix evenly, 
which causes the media to be unevenly distributed over the surface of the measuring element, 
resulting in a temperature difference. Another reason that could lead to multiple protrusions on 
the curve is that the medium volume is too small. The experimental equipment for field 
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measurement, the use of conditions is required. For example, the pre-hole depth of the 
experiment need be about 50 cm; the probe around the media volume should be large. In this 
experiment, due to laboratory conditions, the sample was placed in the water bottle; the probe 
inserted into the media depth of not more than 30 cm, which can ensure that the probe will be 
inserted into the media. The diameter of the probe is 3.5 cm, diameter of the bottle is 9 cm, and 
the medium volume around the probe is too small. According to the resistivity measurement 
principle, the medium volume is too small; it will affect the current distribution, will leading to 
large measurement error. This also explains the problem of why the soil resistivity and corrosion 
rate in this experiment is not inversely proportional.  
From the whole experiment, we come to the conclusion that in these experimental 
conditions the current resistivity probe cannot accurately measure the soil resistivity of bentonite. 
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CHAPTER 7: CONCLUSIONS 
 
Through the corrosion-temperature monitoring experiment in bentonite, the advantages 
and disadvantages of the performance of the inductance probe used was analyzed. For this 
experiment, the following conclusions can be drawn: 
1. The inductance probe can simultaneously monitor the corrosion loss and temperature of the 
metal in the bentonite sample; the device is simple and easy to use. However, the limitations of 
the useful life of the probe make it impossible to become a useful monitoring technology for 
underground laboratories; 
2. Using the self-compensating high-precision inductance corrosion monitoring system to 
monitor corrosion loss signal may be affected by the noise. There may be noise signal stronger 
than the signal of corrosion loss; 
3. The corrosion rate of metal in bentonite is positively correlated with temperature; 
4. The obvious shortcoming of the inductance probe is that in the initial stage of monitoring there 
is a slow response, which leads to monitoring data error; therefore, the monitoring of the initial 
phase of the data should be discarded. 
Through the corrosion-resistivity monitoring experiment in bentonite, the advantages and 
disadvantages of the electrochemical probe in this corrosion experiment are analyzed. The 
conclusion is as follows: 
1. The electrochemical probe can simultaneously monitor the corrosion rate, soil resistivity and 
temperature of metal in bentonite samples, and the device is simple and easy to use. Compared to 
	 55 
inductance probe, the span-life of electrochemical probe is longer and more suitable for 
underground laboratory monitoring; 
2. The electrochemical probe can directly measure the corrosion rate of the medium; there is no 
need to measure the corrosion loss to get the corrosion rate data, unlike inductance probe. This 
probe can also obtain corrosion rate, making its use more convenient; 
3. The electrochemical probe can directly measure the instantaneous corrosion rate of medium, 
and has high sensitivity, allowing getting intuitive data; 
4. The electrochemical probe has deviation in the measurement of temperature, resulting in 
temperature measurement that is not accurate. There is a need to improve the temperature 
measurement technology; 
5. This electrochemical probe is not suitable for soil resistivity monitoring and needs to be 
redesigned. 
  
	 56 
 
 
 
 
 
REFERENCES 
 
[1]  Lijian QiU. Fusion Research in The World. Chinese Journal of Nuclear Science and 
Engineering, 2001.3.  
 
[2]  SNPTC. History of International Nuclear Power Generation. National Energy 
Administration. 2011.9. http://www.nea.gov.cn/2011-09/02/c_131092931.htm． 
 
[3]  Yanliang Huang, Xiuming Yu, Wenjuan Qu, Min Zheng. Corrosion Behavior of Standard 
Materials of Stainless Steel and Nickel–Based Alloys in Deep Geological Treatment. 
World Nuclear Geoscience. 2014, 31: 354-359. 
 
[4]  T. Koyama, M. Chijimatsu, H. Shimizu, S. Nakama, T. Fujita, A. Kobayashi, Y. Ohnishi. 
Numerical modeling for the coupled thermo-mechanical processes and spalling 
phenomena in ÄSPÖ Pillar Stability Experiment (APSE). Journal of Rock Mechanics and 
Geotechnical Engineering: 2013.5: 58-72. 
 
[5]  J.C. Andersson, C.D. Martin. The ÄSPÖ pillar stability ecperiment: Part I-Experiment 
design. International Journal of Rock Mechanics & Mining Sciences: 2009, 46: 865-878. 
 
[6]  J.C. Andersson, C.D. Martin, H. Stille. The ÄSPÖ pillar stability ecperiment: Part II-Rock 
mass response to coupled excavation-induced and thermal-induced stresses. International 
Journal of Rock Mechanics & Mining Sciences: 2009, 46: 879-895. 
 
[7]  P.Z. Pan, X.T. Feng. Numerical study on coupled thermo-mechanical processes in Äspö 
Pillar Stability Experiment. Journal of Rock Mechanics and Geotechnical Engineering: 
2013.5 (2): 136-144. 
 
[8]  W. Miller, R. Alexander, N. Chapman, I. McKinley, J. Smellie. NATURAL ANALOGUE 
STUDIES IN THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTES. 
Amsterdam, The Netherlands: Academic Press, Elsevier, 1994: 23-59. 
 
[9]  J. Delay, P. Lebon, H. Rebours. Meuse/Haute-Marne centre: next steps towards a deep 
disposal facility. Journal of Rock Mechanics and Geotechnical Engineering: 2010.2 (1): 
52-70. 
 
[10]  A. Millard, J.D. Barnichon. Investigation of the THM behaviour of the buffer and rock-
buffer interaction during the canister retrieval test performed in the ASPÖ Hard Rock 
Laboratory. Nuclear Engineering and Design: 2014, 269 (1): 306-311. 
 
	 57 
[11]  J. Sundberg, G. Hellström. Inverse modelling of thermal conductivity from temperature 
measurements at the Prototype Repository, Äspö HRL. International Journal of Rock 
Mechanics and Mining Sciences: 2009, 46 (6): 1029-1041. 
 
[12]  J. Wang. On area-specific underground research laboratory for geological disposal of high-
level radioactive waste in China. Journal of Rock Mechanics and Geotechnical 
Engineering: 2014.6 (2): 99-104. 
 
[13]  T. Sandén, R. Goudarzi, M. de Combarieu, M. Åkesson, H. Hökmark. Temperature buffer 
test – design, instrumentation and measurements. Physics and Chemistry of the Earth: 
2007, 32 (1-7): 77-92. 
 
[14]  S. Brohez, C. Delvosalle, G. Marlair. A two-thermocouples probe for radiation corrections 
of measured temperatures in compartment fires. Fire Safety Journal: 2004, 39 (5): 399-
411. 
 
[15]  A. Lönnermark, P.O. Hedekvist, H. Ingason. Gas temperature measurements using fibre 
Bragg grating during fire experiments in a tunnel. Fire Safety Journal: 2008, 43 (2): 119-
126. 
 
[16]  H. Sanada, Y. Sugita, Y. Kashiwai. Development of a multi-interval displacement sensor 
using Fiber Bragg Grating technology. International Journal of Rock Mechanics and 
Mining Sciences: 2012, 54: 27-36. 
 
[17]  E. Hurtig, S. Großwig, M. Jobmann, K. Kühn, P. Marschall. Fibre-optic temperature 
measurements in shallow boreholes: experimental application for fluid logging. 
Geothermics: 1994, 23 (4): 355-364. 
 
[18]  K. Esmer. Electrical conductivity of modified bentonites and FT-IR spectroscopic 
investigations of some aromatic molecules adsorbed by bentonites. Materials Letters: 
1998, 34 (3-6): 398-404. 
 
[19]  S.C. Lim, C. Gomes, M.Z.A.A Kadir. Characterizing of bentonite with chemical, physical 
and electrical perspectives for improvement of electrical grounding systems. International 
Journal of Electrochemical Science: 2013.8: 11429-11447. 
 
[20]  P.F. Low. The role of aluminum in the titration of bentonite. Soil Science Society of 
America Journal: 1955, 19: 135-139. 
 
[21]  M.B. Kostic, Z.R. Radakovic, N.S. Radovanovic, M.R. Tomasevic-Canovic. Improvement 
of electrical properties of grounding loops by using bentonite and waste drilling mud. 
Generation, Transmission and Distribution, IEE Proceedings-. IET, 1999, 146 (1): 1-6. 
 
[22]  America Soil Testing Inc. Earth Resistivity Manual. Translate by Wei Ji, Jing Tian. Hubei 
Science and Technology Press. 1985: 2-6. 
 
	 58 
[23]  Z.S. Abu-Hassanein, C.H. Benson, L.R. Blotz. Electrical resistivity of compacted clays. 
Journal of Geotechnical Engineering: 1996, 122 (5): 397-406. 
 
[24]  G.L. Yoon, J.B. Park. Sensitivity of leachate and fine contents on electrical resistivity 
variations of sandy soils. Journal of Hazardous Materials: 2001, 84 (2): 147-161. 
 
[25]  V.A. Rinaldi, G.A. Cuestas. Ohmic conductivity of compacted silty clay. Journal of 
Geotechnical and Geoenvironmental Engineering: 2002, 128 (10): 824-835. 
 
[26]  D.A. Robinson S.B. Jones, J.M. Wraith, D. Or, S.P. Friedman. A review of advances in 
dielectric and electrical conductivity measurement in soils using time domain 
reflectometry. Vadose Zone Journal: 2003, 2 (4): 444-475. 
 
[27]  Jinxi Cui. Application of Electric Inductance Probe in Atmospheric Distillation Unit. 
Corrosion and Protection Petrochemical Industry. 2006, 26:143-177. 
 
[28]  Jan Heselmans, Dr. Karel Hladky, Martin Holdefer, Roolf Wessels. New Corrosion 
Monitoring Probe Combines ER, LPR, HDA, Floating B-constant, Electrochemical Noise 
and Conductivity Measurement. 2013 by NACE International. 
 
[29]  Lietai Yang. Techniques for Corrosion Monitoring. February 19, 2008, pages 49-85 
 
[30]  Yubo Zhou, Liyan Shao, Yantao Li, Baorong Hou, Zhigang Yu. Current status and trend of 
corrosion monitoring techniques. Marine Science, 2005, 29 (7): 77-80 
  
	 59 
 
 
 
 
 
APPENDIX A: COPYRIGHT PERMISSIONS 
 
The permission below is for uses of Figures 3 and 5. 
 
	 
 
 
 
 
ABOUT THE AUTHOR 
 
Sirui Li graduated from the Lanzhou University of Technoloqy with a Bachelor Degree 
of Material Science and Engineering. During her undergraduate internship, she worked for 
Gansu Hao carbon fiber Limited company and Luoyang Bank. After graduating from Lanzhou 
University of Technoloqy, she is studying in the University of South Florida pursuing master 
degree of Material Science and Engineering. She will graduate in Spring 2017. She took thesis 
option to graduate from her major, and Professor Alex A. Volinsky is her advisor.  
 
 
